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I. INTRODUCTION
A BEARINGLESS motor is a single electric device combining a motoring functionality and magnetic bearings. A bearingless motor can be suspended without touching the bearing journal surface. Therefore, the magnetic bearing characteristics can be realized in a bearingless drive. These are maintenance free, and have possible high rotational speed and less friction. In addition, a bearingless motor possesses the advantages of a short shaft length and a simple structure. Therefore, the bearingless motor is suitable for space applications where durability and compactness are especially concerned. The authors are aiming to realize a bearingless reaction wheel employed in a microsatellite. It is needed to drive the rotor up to the nominal rotational speed of 1000 r/min [1] , [2] .
Recently, various bearingless motors have been developed with two-to five-axis degrees of freedom of active magnetic suspension [3] - [25] . In four degrees of freedom active control, two rotor units are actively controlled in the two radial directions as well as in two conical directions. Five-axis active regulation requires active control in axial direction. Five-axis-controlled bearingless motors have high stiffness in radial, axial, and conical directions. However, machine size is large and cost is rather high.
In two degrees of freedom active control, one rotor unit is actively controlled in the two radial directions [3] - [13] . Twoaxis-controlled bearingless motors are compact and simple. The notable development of a two-axis bearingless motor [3] has been adapted in canned pumps used in semiconductor industry. A rotor disk has to have a flat disk shape to enhance the passive stiffness of axial and conical direction movements. The flatness is represented by the aspect ratio, i.e., the ratio of a rotor outer diameter with respect to a rotor axial length in inner rotor motors. These ratios are in a range of 6.4 to 18, as specified in [4] - [10] . If the aspect ratio is high, then, the rotor has better stiffness in passive axes. Thus, the rotor has to have a flat disk shape. Successful magnetic suspension with a low aspect ratio is a challenging project.
The authors have proposed a new hybrid bearingless motor with the two-axis active positioning and passive magnetic bearings (PMBs) [23] - [25] . A prototype machine was constructed by two-axis active position regulation having one unit of a bearingless motor with a consequent-pole permanent magnet (PM) rotor [23] , [24] . With the PMBs, the stiffness is enhanced in the three passive movements, i.e., axial and conical movements, thus, the rotor aspect ratio can be low. The experimental and calculated results of only static performance characteristics have been presented [25] .
In this paper, dynamic characteristics are investigated. The experimental results of magnetic suspension and rotation are presented. The experimental results of the proposed bearingless motor with and without PMBs are compared with those obtained by 3-D finite-element method (3-D FEM). The effectiveness of PMBs is experimentally and analytically investigated.
A short part of this paper, i.e., a principle, a structure, and simple experimental results, has been presented in [26] . Significant improvements and additional test results, such as magnetic suspension characteristics, start-up waveforms, successful rotational start up, are included in this paper. The results of rotational tests up to 1000 r/min have been successfully performed. It is found that successful magnetic suspension is possible only with PMBs in a test machine having the aspect ratio of 4.6. 
II. STRUCTURE OF BEARINGLESS MOTOR WITH PASSIVE MAGNETIC BEARINGS

A. Structure of Bearingless Motor
Fig . 1 shows the x-z cross section of the proposed outer rotor bearingless motor drive. A rotor of this prototype machine is in a ring shape surrounding the stator part. In the stator part, stator core is skewed in order to reduce cogging torque and ripple of radial suspension force. This machine is composed of three-layer parts. The center is bearingless motor part and the left and right parts are PMBs. The PMs of bearingless motor are radially magnetized. Around the static shaft, a stator core and concentrated windings are constructed. The bearingless motor generates the driving torque and provides the radial suspension force. PMBs are composed of axially magnetized PMs, iron ring, and a stator C-core. PMBs are designed thin and small so that the dead space of coil ends can be used. With the PMBs, stiffness is enhanced in the three-axis movements, i.e., axial and conical directions. In this outer rotor machine, the aspect ratio is defined by the rotor inner diameter divided by the rotor axial length. The aspect ratio is 4.6 in the bearingless motor part only, however, it is 2.3 if the PMB part is included. The aspect ratio is rather low with respect to the bearingless motors in [4] - [10] . Fig. 2 shows the x-y cross section of an outer rotor consequent-pole bearingless motor. In a consequent-pole bearingless motor, radially magnetized PMs are inset into the rotor iron poles. The bias fluxes by PMs are passing through the air gap, stator core, and rotor core. Therefore, the iron poles at the rotor inner face are magnetized as S-poles. The rotor iron parts between the PMs are consequently magnetized. Therefore, this consequent-pole bearingless motor works as a 16-pole synchronous motor. Fig. 2 also shows a principle of radial suspension force production in the x-direction. The suspension magnetic flux is generated by the current in the suspension windings. The flux densities at air gaps are unbalanced because of superimposition of the suspension flux and the PM bias flux. As a result, radial suspension force F x is generated in the x-direction. The radial suspension force F y in the y-direction is generated by perpendicular suspension windings. The radial suspension force is regulated by the vector sum of F x and F y .
B. Principle of Radial Suspension Force Generation
In a consequent-pole bearingless motor, the radial suspension force is generated in mostly constant amplitude and direction with the dc suspension current, even though the rotor is rotated. Therefore, the detection of rotor rotational position is unnecessary. The drive system can be simple like an open-loop inverter, or a general-purpose sensorless inverter. Fig. 3 shows the principle of axial restoring force generation of the PMB. The flux from a PM flows to a thin iron ring, an air gap, a confronting stator C-core, and returns to the rotor PM. When the rotor is displaced in axial or conical directions, fringing fluxes generate restoring force. As a result, the axial and conical movements are passively adjusted. It is noted that this PMB is unstable in radial directions. Thus, radial stable force should be provided by the actively controlled bearingless motor. Fig. 4 shows the control systems of the bearingless motor. The system is composed of magnetic suspension system and motor drive system. The rotor is magnetically suspended in the radial x and y positions. These movements are detected by eddy-current sensors and then compared with the references, and these errors are amplified by the PID controllers. The PID controller transfer function is adjusted as magnetic pull force is enhanced by the PMBs.
C. Principle of Axial Restoring Force Generation of PMBs
D. Control Systems
In order to compensate the current delay caused by a coil inductance, the current regulator is constructed with current feedback loops. The suspension winding currents are regulated so that these currents follow the current commands i * 
The voltage source inverter applies the commanded three-phase voltage to the suspension winding terminals. The machine is driven by two units of three-phase inverters. One is for the magnetic suspension and another is for the motor drive. In motor drive, three-phase currents are supplied by the voltage source inverter based on an open-loop speed regulation. Thus, the rotor rotational position is not detected both in motor drive and magnetic suspension. 
where, ω is an angular frequency of the current. The current regulation block, having the same structure of the one in the . Photograph of a prototype machine, a controller, and a driver magnetic suspension block, provides three-phase currents to the motor windings. Fig. 5 shows a photograph of the prototype bearingless motor with a controller and a driver. Iron rings and C-core of the PMB are made of bulk carbon steel. Two eddy-current-type displacement sensors are fixed on the base to detect the radial rotor position. In the controller, the radial positions are given through the displacement sensors. A custom-build controller-driver system is employed. Signal processing is realized in one chip CPU, then, two voltage source inverters with the rated voltage and current of 100 V and 3 A regulate the currents. A commercially available software is employed (PE-View, Myway Corp., Japan) for control system development. The sampling rates of the current-regulation system and the magnetic suspension system are 10 kHz and 3.3 kHz, respectively.
III. MAGNETIC SUSPENSION CHARACTERISTICS
The magnetic suspension characteristics of the machine both with and without PMBs are measured. The radial suspension force, the unbalanced magnetic pull force, and the axial and conical stiffness are shown in sections A, B, and C, respectively. The measured results are compared to the calculated ones using 3-D FEM, which is implemented by using a commercially available software (JMAG-Studio, JSOL Corp., Japan).
A. Radial Suspension Force
The static radial force and current characteristics are measured. By applying radial external force at the rotor in x-direction, the radial suspension force is measured. The derivative of the radial suspension force F x with respect to the suspension current i x is defined as a radial suspension force constant k i x in this paper. Fig. 6 shows the measured and calculated force results as a function of suspension current. The data points in Fig. 6 are subjected to the least-square fitting. The slope line is a radial suspension force constant, k i x . Table I shows the values of the radial-suspension force constant k i x . It is shown that the k i x has a good correspondence with measured values not depending on PMBs as long as the rotor is suspended at the center position. 
B. Unbalanced Magnetic Pull Force
If the rotor is displaced in radial direction, the unbalanced magnetic pull force is resulted. The suspension current i x is measured while the radial rotor displacement x is moved. The derivative of the suspension force F x with respect to the displacement x is defined as k x . A sum of the active force and the unbalanced magnetic pull force are written as
If the sum of force is zero, then, one can be derive k x as
Based on this equation, k x is derived in experiment. On the other hand, k x is calculated using 3-D FEM, while the radial rotor displacement x is moved and no suspension current i x is provided. The k x is given as Table II shows the values of an unbalanced magnetic pull force constant k x . The measured k x value with PMBs is 475 N/mm, and that without PMBs is 296 N/mm. The measured k x is 1.6 times of that without PMBs. With PMBs, the unbalanced magnetic pull force undesirably increased. The increase makes the start up difficult.
C. Axial and Conical Stiffness
The axial and conical stiffness are calculated and measured. The axial restoring force F z is calculated using 3-D FEM, while the axial displacement z is moved by 0.1 mm at suspension current i x = 0. The conical restoring torque T θ is calculated using 3-D FEM, while the conical rotor displacement θ is moved by 0.1 deg around y-axis at the center of gravity. On the other hand, the axial and conical stiffness are measured when the rotor is oscillated in conical direction. An impulse is given in conical direction, while the rotor is magnetically suspended at the center. The oscillation includes two components, i.e., axial and conical components. The axial displacement z and conical displacement θ are detected by two eddy-current displacement sensors S 1 and S 2 , which are set up at opposite position to the center. The S 1 and S 2 are written as
where D is the distance between the displacement sensors. Then, the axial and conical displacements are given as
The impulse response in z and θ can be expressed as
where S smax and S θ max are the maximum amplitudes in axial and conical oscillation, η z and η θ are viscosity constants, ω z and ω θ are angular frequencies, m is 2.0 kg, and J θ is 5.73 × 10 −3 kg·m 2 . The frequency characteristics are measured by a fast Fourier transform (FFT) analyzer. From the frequency characteristics, resonant angular frequency ω z and ω θ of axial and conical directions, respectively, are measured, then the axial stiffness k z and conical stiffness k θ are calculated as follows
Table III shows the rotor weight, the moment inertia around x-axis and both axial and conical resonant frequency. A weight increase of PMBs is about only 10% of the total rotor weight. It is noted that the resonant frequency is high with PMBs. Fig. 7 shows an analytical model and an example of 3-D FEM results. The structure of proposed bearingless motor with PMBs is shown in Fig. 7(a) . The number of nodes and elements are about 180 000 and 900 000, respectively. To obtain precise force under movements in axial and conical directions, a cylindrical slide mesh is selected in the air gap between the rotor and the stator. The number of elements of the cylindrical slide mesh is about 1.5 times that of the automatically generated mesh. Fig. 7(b) shows vector and contour figures of the PMB part when the rotor moves to the axial direction. The current of suspension windings is set to 0 A. As the magnetic flux produced from a PM flows through an iron ring, an air gap, and a confronting stator C-core, fringing fluxes in the air gap generate restoring force. Maximum flux density in the closed magnetic loop of the PMB is about 1.2 T . Fig. 8 (a) and (b) shows the calculated axial restoring force F z and conical restoring torque T θ , respectively. The axial stiffness k z at z = 0 is calculated by the derivative of the axial restoring force F z with respect to the axial displacement z. The conical stiffness k θ at θ = 0 is calculated by the derivative of the conical restoring torque T θ with respect to θ. The values k z of the machine with and without PMBs are 73.5 and 9.59 N/mm, respectively. The values k θ of the machine with and without PMBs are 58.8 and 2.65 Nm/rad, respectively. Table IV shows the measured and calculated k z and k θ . In the machine without PMBs, axial and conical resonant frequencies f z and f θ are 5.5 and 5.0 Hz, respectively. Then, the axial stiffness k z and conical stiffness k θ are obtained as 2.14 N/mm and 3.21 Nm/rad, respectively. The calculated axial and conical stiffness using 3-D FEM are 9.59 N/mm and 2.65 Nm/rad, respectively, as noted earlier. There is significant error in the axial stiffness in the machine without PMBs. The reasons of the error are due to the mechanical precision of the fabricated bearingless motor, such as a misalignment of rotor and stator edges, a thickness error caused by laminated structure, and an imperfect 
IV. EXPERIMENT OF THE MACHINE OPERATION
The suspension start tests from touched-down condition and rotation tests were performed. During rotation tests, the rotor 
A. Suspension Start Tests From Touched-Down Condition
The suspension start tests are performed. The radial, axial, and conical displacements are measured by eddy-current displacement sensors when suspension system is switched on. Fig. 9 shows the radial displacement waveforms in the machine without PMBs. Before the suspension system is activated, the rotor is touched down in the negative direction of the y-axis because of the gravity and attractive magnetic force caused by PMs. When the system is activated, the rotor moves to the center. However, the oscillation is occurred in both radial and conical directions. The oscillation is within the limited x and y values of 0.3 mm. The oscillation is caused by the low stiffness in axial conical directions. Fig. 10 shows the radial displacement waveforms in the machine with PMBs. When the system is activated, the rotor moves to the center. Then the rotor is stable at center position without vibrations. Fig. 11 shows the axial and conical displacement waveforms in the machine with PMBs. Before the radial suspension system is activated, the rotor is touched down in the conical direction because of the gravity. When the radial suspension system is activated, oscillation is occurred because of the passive stability. After that, however, the oscillation is damped and then the rotor is stably suspended in passive directions, thanks to the PMBs.
B. Rotation Start Tests
The rotation start tests are performed. The radial, axial, and conical displacements are measured by eddy-current displace- ment sensors when rotation system is switched on while the suspension system is activated. Fig. 12 shows the displacement waveforms in the prototype machine with and without PMBs when the rotation system is activated. Fig. 12(a) shows the axial displacement. Fig. 12(b) shows the conical displacement. In the machine without PMBs, before the rotation system is activated, the radial positions in the x-and y-axes are magnetically regulated without a contact at the center position. The axial and conical positions are passively stable. When the rotation system is activated, the serious oscillation in both the axial and conical directions is occurred. The rotor is touched down because the limited displacements are z = −0.5 mm, |θ| = 10.3 mrad, respectively. The touchdown is occurred because the axial stiffness k z and the conical stiffness k θ are not high enough. The low passive stiffness is due to the low aspect ratio 4.6 of the test machine.
On the other hand, in the machine with PMBs, the rotor is stable in both axial and conical directions when the motor system is activated. It is shown that the rotor can be stably rotated without a contact. The maximum absolute displacements in the axial and conical directions are 0.1 mm and 2.8 mrad, respectively. The amplitude in the axial direction of the machine with PMBs is about 5% of that without PMBs. The amplitude in the conical direction of the machine with PMBs is about 25% of that without PMBs. It is shown that the rotor of the machine only with PMBs can be rotated. These are due to PMBs to enhance the passive stiffness in both axial and conical directions.
C. Rotation Tests in the Bearingless Motor With PMBs
The rotor of a bearingless motor is vibrated when the rotor is rotated because of mechanical imperfectness. Therefore, vibration amplitudes are measured by eddy-current displacement sensors when the both suspension and rotation systems are activated. The measurements were able to be carried out only with PMBs. Fig. 13 shows the vibration amplitudes against the rotational speed. The maximum rotational speed is 1020 r/min. It is enough for an application to a reaction wheel employed in a microsatellite. Fig. 13(a) shows radial vibration, Fig. 13(b) shows axial vibration, and Fig. 13(c) shows conical vibration. The limited displacements are x, y = 0.3 mm, z = 0.5 mm, and θ = 10.3 mrad, respectively. It is shown that the rotor is not touched down in all speed range. Fig. 14 shows the radial, axial, and conical positions at 1020 r/min for the one cycle rotor rotation. The maximum vibrations are about x = 0.03 mm, y = 0.03 mm, z = 0.05 mm, and θ = 2 mrad. The vibration amplitudes of the rotor at 1020 r/min are about one tenth of those of the touchdown limits. When the rotor has one rotation, i.e., for a duration of 60 ms, the third harmonics are significantly included in radial directions. The reason is imperfect surface in a sensor target during machining process. In future works, rotation tests at higher rotational speeds will be examined.
V. CONCLUSION
In a two-axis actively regulated bearingless motor, the experimental and calculated results of the machine with and without PMBs are compared. The rotor has rather low aspect ratio of 4.6, thus, passive stiffness is low. To enhance passive stiffness, PMBs are constructed. The PMBs are composed of iron core and PMs. In comparison, it is shown that axial and conical stiffness are improved by 36 times and 17 times, respectively. It is found that the rotation test was successful only in the machine with PMBs. These are due to PMBs to enhance the passive stiffness in both axial and conical directions. Moreover, the test machine with PMBs can be driven up to 1020 r/min with noncontact magnetic suspension. 
